Microsomal membranes from the petals of senescing carnation (Dianthus caryophyllus L.) flowers contain phosphatidylcholine, phosphatidylethanolamine, phosphatidylglycerol, and phosphatidylinositol. These phospholipid classes decline essentially in parallel during natural senescence of the flower and when microsomal membranes isolated from young flowers are aged in vitro. However, measurements of changes in the endogenous molecular species composition of microsomal phospholipids during natural senescence of the flower petals and during in vitro aging of isolated membranes have indicated that the various molecular species of phospholipids have quite different susceptibilities to catabolism. Acyl chain composition and the nature of the head group are both determinants of their susceptibility to catabolism. As well, a comparison of the phospholipid catabolism data for naturally senesced membranes and for membranes aged in vitro suggests that the phospholipid composition of membranes is continuously altered during senescence by acyl chain desaturation and possibly retailoring so as to generate molecular species that are more prone to catabolism. The results collectively indicate that provision of particular molecular species of phospholipids with increased susceptibility to degradation contributes to enhanced phospholipid catabolism in the senescing carnation petal.
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Loss of membrane integrity is an early and fundamental feature of senescence in plant tissues, and perhaps the clearest manifestation of this is the onset of leakiness attributable to increased membrane permeability. In petals of cut carnation flowers, for example, solute leakage is detectable before petal inrolling and the climacteric-like rise in ethylene production, symptoms that are thought to denote the initiation of petal senescence (7) . Studies with various techniques including electron spin resonance (20) , fluorescence depolarization (9) , freeze-fracture electron microscopy (24) , and x-ray diffraction ( 19) have indicated that there is also a decrease in membrane lipid fluidity with advancing senescence. This appears to reflect the formation of domains of gel phase lipid as well as a decrease in bulk lipid fluidity attributable to an increased relative concentration of free sterols in the bilayer (29) .
There is also extensive catabolism of membrane phospholipids during senescence. This has been demonstrated for senescing flower petals (9, 27) , senescing leaves and cotyledons
Supported by a grant from the Natural Sciences and Engineering Research Council (NSERC) of Canada. J. H. B. is the recipient of an NSERC Postgraduate Fellowship. (8, 20) , and ripening fruit (18) and results in a substantial increase in the sterol:phospholipid ratio of membranes as senescence progress (9, 29) . Several phospholipid degrading enzymes have been identified in plant tissues including phospholipase D (13) , lipolytic acyl hydrolase (10) , and phospholipase C ( 14) , and recent evidence suggests that phospholipase D may initiate phospholipid catabolism in senescing membranes (5) . Although there is clear evidence for a net decline in phospholipid levels with advancing senescence, the extent to which this reflects decreased synthesis, enhanced catabolism, or possibly both has not been resolved. An age-related reduction in phospholipid synthesizing ability has been demonstrated in a number of plant tissues (3) . Increased lipid catabolism during senescence has also been observed, but under conditions in which there is no absolute increase in phospholipase activity (27) . This suggests that in at least some senescing tissues enhanced degradation of phospholipid may be attributable to alterations in membrane lipids that make them more susceptible to attack by lipid-degrading enzymes. Perturbed phospholipid bilayers, such as those containing a mixture of lipid phases, are known to be degraded at a higher rate by phospholipase A2 than bilayers containing exclusively liquid crystalline phase lipid (1 1), and platelet hydrolysis by endogenous phospholipase A2 has been shown to be facilitated by decreased membrane fluidity as well as elevated cholesterol levels (15) . It is noteworthy in this context that decreased bilayer fluidity, a mixture of lipid phases and enhanced cholesterol levels are all characteristic features of senescing membranes (29) .
In this present study, we have examined factors regulating phospholipid catabolism in the petals of senescing carnation flowers. The data indicate that the head group and fatty acyl chain composition of phospholipids are both determinants of their susceptibility to catabolism during senescence and that provision of phospholipid molecular species with enhanced susceptibility to catabolism may be a regulatory feature of phospholipid catabolism in senescing membranes. tained at 22°C under continuous illumination (irradiance 10 W m-2; Sylvania, Seneca Falls, NY) until they had reached specific stages of senescence, viz. stage II, flowers that still possessed yellowish-tinted centers, but were fully expanded; and stage IV, senescent flowers showing petal-inrolling.
Membrane Isolation
Microsomal membranes were isolated from the petals of stage II and stage IV flowers in 20 mm EPPS2 (pH 7.3) as described previously (30) and washed once by resuspension in the same buffer and centrifugation at 131,000g for 1 h. The resulting pellet was resuspended in 3 mL of 70 mM EPPS (pH 7.3) and dialyzed at 4°C against three changes of 600 mL of 2 mm EPPS (pH 7.3) for a total of 15 h. After dialysis, the protein concentration was adjusted to 1 mg mL-' with 70 mM EPPS (pH 7.3). Protein was measured as described by Bradford (4) using bovine serum albumin as a standard.
Molecular Species Analysis
Changes in the molecular species composition of endogenous phospholipids in microsomal membranes were measured during natural senescence and also during in vitro aging of isolated membranes. For the in vitro reaction, three 5 mL aliquots of washed, dialyzed membrane suspension (1 mg protein mL-') were placed in separate 40 mL Pyrex tubes.
One sample served as the zero-time control, and the other two were incubated for 1.5 and 3 h, respectively, at 30°C in darkness. The reactions were terminated by lipid extraction (1) . For measurements of changes in molecular species composition during natural senescence, 5 mL samples of nondialyzed membrane suspension (1 mg protein mL-') obtained from stage II or stage IV flowers were lipid-extracted directly (1) .
For molecular species analysis, the phospholipid classes in the total lipid extracts were separated by TLC on silica gel 60 plates using a development solvent of chloro (22) . Confirmation of identity was obtained by comparing the expected fatty acid composition of the composite of separated molecular species, as determined from their assigned identities, with the measured fatty acid composition of the sn-1 and sn-2 positions of the purified phospholipids determined as described by Ramesha and Thompson (25) . Fatty acid methylation was carried out according to Morrison and Smith (21) . The methyl esters were separated isothermally with a split ratio of 120:1 on a 15 m x 0.25 mm i.d. fused silica capillary column coated with SP 2330 (Supelco). The column, injector, and detector temperatures were 175, 230, and 275°C, respectively. The separated methyl esters were identified by cochromatography with rapeseed oil standards.
Phospholipid phosphate was measured as described by Rouser et al. (26) .
RESULTS
Microsomal membranes isolated from the petals of carnation flowers contain four classes of phospholipid, viz. PC, PE, PG, and PI. Phosphatidic acid is also present in these membranes but is thought to be only a transitory product of phospholipase D activity (23) . A comparison of the phospholipid levels in microsomes isolated from young stage II flowers and senescent stage IV flowers indicated that the older membranes contain less total phospholipid relative to protein than the younger membranes. Microsomes from stage II flowers contained 247.7 ± 9.1 nmol phospholipid mg protein-' (SE for n = 7), whereas those from stage IV flowers contained 178.5 ± 2.7 nmol phospholipid mg protein-' (SE for n = 7).
There was also a decline during senescence in each of the four classes of phospholipid found in the membranes on a per mg protein basis (Fig. 1A) . However, the relative proportions of the phospholipid classes in the microsomal membranes did not change significantly as the flowers senesced ( Fig. IB) indicating that each class of phospholipid declined by essentially the same proportion.
Microsomal membranes from senescing carnation petals are able to catabolize exogenous radiolabeled phospholipids (5, 23) , and thus the effects of in vitro incubation of microsomes isolated from young stage II flowers on phospholipid levels were also determined. During dialysis of the isolated membranes and the subsequent 1.5 and 3 h incubation periods, there were no significant changes in the relative proportions of PC, PE, PG, or PI ( Fig. 2A) . This, however, does not mean that the phospholipids were not catabolized. Indeed, the total phospholipid content of the microsomes decreased from 247.7 nmol/mg original protein before dialysis to 86.3 nmol/mg original protein after the 3 h incubation, but the different classes of phospholipid all declined essentially in parallel (Fig. 2B ). PC and PE declined by 67.5 and 67.6%, respectively, whereas PG declined by 60.9% and PI by 72% ( and incubation, indicating that the degradation is enzymatically mediated.
These results collectively suggest that the classes of phospholipid in these membranes are not differentially sensitive to enzymatic degradation during natural senescence of the petals or when the catabolism occurs in vitro during incubation of isolated membranes. However, each phospholipid class is composed of different kinds and amounts of molecular species, and thus to more fully evaluate the effect of head group on susceptibility to degradation, levels of individual molecular species within each phospholipid class were measured during natural senescence and during in vitro incubation of isolated membranes.
During natural senescence, the PC content of the microsomal membranes declined from 99.2 nmol/mg protein for stage II flowers to 75 nmol/mg protein for stage IV flowers (Fig. IA) , although the relative amount of PC as a proportion of total phospholipid did not change (Fig. 1B ). There were, however, changes in the molecular species composition of PC during senescence. Specifically, levels of 16:0/18:2 PC, 18: 1/ 18:2 PE, 18:2/18:2 PC, and 16:0/18:1 PC declined on a per mg protein basis, and levels of the remaining molecular species relative to membrane protein remained essentially unchanged as the flowers senesced (Fig. 3A) . The molecular species 18:0/18:0 PC was not detectable in membranes from stage II flowers but was clearly and reproducibly detectable by stage IV (Fig. 3A) . Analysis (Fig. 3, A  and B) . As well, the molecular species 18:0/18:0 PC, which was detectable in membranes from stage IV flowers (Fig. 3A) , was not formed during in vitro incubation of the membranes (Fig. 3B) .
PE also remained an essentially constant proportion of the total microsomal phospholipid with advancing senescence even though its absolute level decreased from 67.4 to 42.2 nmol/mg membrane protein (Fig. 1, A and B) . As Fig. 5B) . However, 16:0/16:0 PG, which increased during natural senescence (Fig.  5A) , did not change during in vitro incubation (Fig. SB) . As well, 16:0/18:1 PG did not decline during in vitro incubation but did during natural senescence, and 18:2/18:2 PG was not formed during in vitro incubation but was formed during natural senescence (Fig. 5, A and B) .
PI comprised only 7.3% of the total phospholipid in carnation microsomal membranes (Fig. 1B) and during senescence declined from 13.2 to 10 nmol/mg membrane protein (Fig. IA) . This decline reflects decreases on a nmol/mg protein basis in 16:0/18:1 PI, 16:0/18:2 PI, 18:0/18:2 PI, and 18:2/18:3 PI (Fig. 6A) . During in vitro incubation, all of the molecular species of PI showed a decline on a nmol/mg protein basis (Fig. 6B) .
For the purposes of comparison, the values for catabolism (Table II) . The normalized data in Tables I and II are for absolute degradation values calculated as nmoles degraded per mg protein during dialysis and subsequent incubation of the isolated membranes. However, similar trends were obtained when values for percent degradation (i.e. percentage of initial amount degraded during dialysis and subsequent incubation) were normalized (data not shown).
Similar comparisons were made for the degradation data obtained during natural senescence. In Table IlI , degradation values have been normalized within each molecular species to PI, which has been given an arbitrary value of 1, to enable comparisons of molecular species breakdown among phospholipid classes. It is clear from these comparative data that the head group has a definite influence on the changes in phospholipid levels that occur during senescence. For example, for the 16:0/18:2 molecular species, PG declined to the greatest extent followed by PE, PC and, finally, PI, but this pattern was not consistent for all molecular species (Table  1II) . It is noteworthy that in most cases the 18:1/18:3 and 18:2/18:3 molecular species did not decline during natural senescence (Table III) these molecular species were extensively degraded (Table I) . In Table IV , the values for degradation during natural senescence of the various molecular species have been normalized to 16:0/18:2, which was given an arbitrary value of 1 for each phospholipid class. This allows a comparison of the degradation of various molecular species within a phospholipid class, and it is clear from these data that the acyl chain composition of the phospholipids is a significant determinant of susceptibility to degradation. For example, for PI, the normalized degradation values range from 1 to 11 (Table IV) . The normalized data in Tables III and IV (30) . In addition, the ratio of phospholipid:total lipid in microsomal membranes from the petals decreases by 40% as the flowers age (9) , and it is evident from the present study that the phospholipid:protein ratio of mi- However, the contention that this is due in part to different susceptibilities of the various molecular species to enzymatic catabolism is supported by the finding that in vitro incubation of isolated microsomes under conditions in which there was a net decline in total phospholipid also resulted in a change in molecular species composition for each phospholipid class.
This type of double recognition of phospholipid substrate by its catabolizing enzyme (i.e. recognition of the head group and the paired acyl chains) has been noted previously for human phospholipases. For example, phospholipase C from human monocytes shows a molecular species preference pattern for PC whereby 16:0/18:2 > 16:0/20:4 > 16:0/16:0 > 16:0/18:1, but the same enzyme exhibits no preference for any of the various molecular species of PI (2) . Similarly, it has been reported that cytosolic phospholipase A2 from human synovial fluid prefers 18:0/20:4 PC over 16:0/18:2 PC, but shows no preference between these two molecular species of PE (16) .
The comparison of the changes in molecular species composition of microsomal membranes during natural senescence of the carnation flower and during in vitro aging (i.e. in vitro incubation of isolated membranes) has provided indirect evidence for the involvement of desaturases and possibly retailoring enzymes in membrane lipid breakdown during senescence. Many of the effects of natural senescence on microsomal membranes of carnation flowers can be simulated by in vitro aging of the membranes isolated from young tissue (9) but this was not so in respect of the phospholipid molecular species composition of the membranes. In particular, there was a large decline in polyunsaturated molecular species during in vitro aging, particularly those containing 18:2 and 18:3, that was less evident during natural senescence. It seems reasonable to attribute this to the fact that microsomal desaturases, which are able to convert 18:1 to 18:2 and 18:2 to 18:3 (12), retailoring enzymes and possibly synthetic enzymes are functional during natural senescence and continuously replenish molecular species containing 18:2 and 18:3. This is evident in part from the observations that certain lipid species found in the microsomes isolated from senescent stage IV flowers, such as 18:2/18:3 PE, 18:2/18:2 PG, and 18:0/ 18:0 PC, were not present in microsomes isolated from young stage II flowers. By contrast, the desaturases and retailoring enzymes would not be active in the in vitro incubation mixture because required cofactors were not present, and it is presumably for this reason that the phospholipid molecular species containing 18:2 and 18:3 were depleted during in vitro aging.
Desaturases and retailoring enzymes are both known to be associated with plant microsomal membranes (28) . Retailoring involves the redistribution of fatty acids bound to a population of phospholipids to achieve different pairings of acyl chains (28) . The identity of the enzymes mediating retailoring is not known (28) , but the process is thought to be important in achieving rapid homeoviscous adaptation in membranes (6) . It has been proposed previously that desaturase enzyme systems are activated when membrane lipid fluidity drops below a threshold level (28) . This does not appear to be the basis for the increase in desaturase activity brought on by a reduction in temperature (31) 
